Abstract: The Higgs factory is designed for precise measurement of Higgs characters and search for new physics. In this paper we propose that e + e − → γh process could be a useful channel for new physics, which is normally expressed model independently by effective field theory. We calculate the cross section in both the Standard Model and effective field theory approach, and find that the new physics effects of γh have only two degrees of freedom, much fewer than the Higgsstrahlung process. This point could be used to reduce the degeneracies of Wilson coefficients. We also calculated for the first time the 2σ bounds of γh at the Higgs factory, and prove that γh is more sensitive to some dimension-6 operators than the current experimental data. In the optimistic scenario new physics effects may be observed at the CEPC or FCC-ee after the first couple of years of their run.
Introduction
Following the discovery of the Higgs boson, precise understanding of the nature of this particle is the top priority for particle physics. All measurements of rates involving the Higgs production and decay in the Run 1 of the LHC agree with the predictions of the Standard Model (SM), but statistical uncertainties limit their precision to 10 − 20% level at best. The LHC is expected to ultimately reach a precision of order a few percents, at which point systematic and theoretical issues, such as parton distribution function uncertainties, become a limiting factor. Further improvements in precision are possible at an electron-positron collider with sufficient center-of-mass energy to produce a large sample of Higgs bosons, the so-called "Higgs factory" [1] . Currently, proposals for Higgs factories are being discussed by the physics community, including the CEPC [2, 3] , as well as circular collider designs such as FCC-ee (formerly known as TLEP) [3, 4] and International Linear Collider [5] . The physics case for all these machines rests on their ability to test the SM, and search for new physics beyond the SM (BSM), via precision measurements of the Higgs properties.
The dominant Higgs production process in electronpositron collisions in the energy range relevant for Higgs factories, √ s ∼ 225 . . . 350 GeV, is the Higgsstrahlung process, e + e − → Zh. The cross section of this process is expected to be measured with exquisite precision, well below 1% level, at the Higgs factory. The sensitivity of this measurement to new physics involving the Higgs has been explored by many authors [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In this paper, we study the Higgs production in association with a photon, e + e − → γh. In the SM, the leading contribution to the scattering amplitude for this process appears at the one-loop order. As a result, its cross section is strongly suppressed compared to Higgsstrahlung, which occur at tree-level. For this reason, the γh production channel has not received as much attention in the studies of a Higgs factory physics potential so far. However, small SM cross section may offer an advantage in searches for BSM physics, since the BSM effects in the γh channel are expected to produce much larger fractional shifts than in the case of Zh. This may compensate for larger statistical uncertainties in the γh rate measurement, resulting in competitive sensitivities to new physics. The goal of this paper is to study this issue quantitatively, in the frameworks for new physics: effective field theory (EFT) approach.
e
+ e − → γh in standard model
The SM cross section for e + e − → γh has been computed by several groups [19] [20] [21] . We will use the results of Ref. [21] . The SM cross section with unpolarized beams as a function of the center-of-mass energy is shown in Fig. 1 . The cross section at √ s = 250 GeV, a benchmark energy for Higgs factories, is close to the maximum, about 0.08 fb. This is about 2500 times smaller than the Zh cross section at the same energy, since the γh process is loop-suppressed. Still, with projected luminosities of Higgs factories, a significant number of γh events can be expected. For example, data samples in the 1-10 ab Separation of signal from backgrounds is straightforward. At an e + e − collider, the photons produced in association with the Higgs are monoenergetic:
At √ s = 250 GeV, this gives a "spectral line" at 93.75 GeV. The natural Higgs width being very small, the width of the line is dominated by the detector resolution, which is expected to be δE γ /E γ ≈ 1 % [22] . This allows for clear separation between the γh line and the much larger γγ and Zγ lines, at 125.0 and 108.4 GeV, respectively. To increase S/B further, one can demand that the Higgs boson be reconstructed, for example as a pair of jets consistent with an invariant mass of 125 GeV. This requirement will virtually completely eliminate most of the backgrounds, with the left mainly contributed from a gamma and an off-shell Z boson associated production, while the Z boson decays to two jets. The clean environment of the e + e − collisions allows for reconstruction of the Higgs with high efficiency in all relevant decay channels. In this study, we will assume that the dominant error on the e + e − → γh cross section measurement is statistical, while the significance can be calculated by the relation S/ √ B.
3 New physics in e + e − → γh : Effective field theory
If new physics appears at a scale Λ ≫ √ s, its effects can be described in the language of Effective Field Theory, by adding all possible non-renormalizable operators consistent with gauge and global symmetries of the SM. The leading term in the √ s/Λ expansion of the Lagrangian contains dimension-6 operators:
where f i are dimensionless Wilson coefficients.
The following dim.-6 operators contribute to the process e + e − → γh:
The last two operators are expected to be Yukawasuppressed due to chirality flip, and we will not consider them further in this paper. After electroweak symmetry breaking, the first three operators induce Zγh and γγh vertices, leading to a tree-level (but s/Λ 2 -suppressed) contribution to the e + e − → γh amplitude. Note that, unlike the Zh process, there is no "contact-interaction" four-particle vertex in this case, since such an interaction is inconsistent with the unbroken U (1) EM gauge symmetry. The new physics contribution to the scattering amplitude is given by
where
and
Here s θ is the sine of the Weinberg angle; p − and p + are the electron and positron momenta; s = (p − + p + ) 2 ; and
The leading correction to the cross section is due to interference between the SM one-loop amplitude, given in Ref. [21] , and A EFT . Numerically, the fractional deviation in the total cross section at √ s = 250 GeV is given
where Λ TeV ≡ Λ/(1 TeV). For comparison, the fractional shift of the e + e − → hZ cross section at the same energy is [18] ∆σ(hZ) σ(hZ)
where we omitted the contributions from operators that do not contribute to γh. These formulas illustrate the advantage of the γh process mentioned in the Introduction: the SM amplitude is tree-level in hZ and loop-suppressed in γh, resulting in a much larger fractional deviation in the cross section in the latter case.
Estimates of 2σ exclusion sensitivities at a Higgs factory in the γh channel are listed in Table 1 . The estimates assume integrated luminosity of L int = 10 ab −1 at √ s = 250 GeV, corresponding to the FCC-ee projection in [3] ; the sensitivities scale as L −1/2 int . For these parameters, a sample of about 800 γh events would be collected, resulting in a cross section measurement with δσ/σ ≈ 20% (assuming statistical error dominance and 100% event reconstruction efficiency). For clarity and ease of comparison among various measurements, the reach for each operator is estimated assuming that all other operators are set to zero. Table 1 also list bounds from a global fit to currently available data [23] , such as precision electroweak observables and the Higgs rate measurements at the LHC. For two of the three relevant operators, O HB and O HW , the σ(γh) measurement at the Higgs factory will probe scales exceeding the current bounds. The third operator, O BB , is already very well constrained by the measurement of Br(h → γγ) at the LHC, where the competing SM amplitude only appears at the one-loop order. In this case, neither γh nor Zh channel could perform better than current data. However, it should be emphasized that this is so only as long as the operators are turned on one-by-one; the LHC bound onĉ BB can be significantly relaxed if other operators, for example O GG = |H| 2 G a µν G aµν , are present. The measurement of γh cross section at the Higgs factory will allow to resolve such ambiguities.
The operators that contribute to e + e − → γh will also modify the Zh cross section. For comparison, the sensitivities of this measurement is also listed in Table 1 . In all cases, we assumed that statistical errors dominate, and used the same benchmark value of 10 ab int , so that statements concerning the relative power of various measurements remain valid.) For all three operators, σ(Zh) measurements have somewhat higher reach compared to the σ(γh) measurement. Still, including σ(γh) in a global fit should give a meaningful improvement in sensitivity to new physics. Table 1 .
Current 95% CL bounds (2nd column) and future Higgs factory 2σ exclusion sensitivities (3rd-4th columns) on the coefficients of the dim.-6 operators that contribute to e + e − → γh. Hereĉi = m 2 W fi/Λ 2 .The current bounds are taken from Ref. [23] . Higgs factory estimates assume that statistical uncertainties dominate. The main background of γh is included while that of Zh is not, because the huge cross section of Zh can supress the effects of background. In general, angular distributions of final-state particles may contain additional information allowing for better discrimination between SM and new physics, and also, should a new physics effect be observed, between various possible combinations of dim.-6 operators. Unfortunately, in the case of e + e − → γh, no new information is contained in the photon angular distribution, as is clear from Fig. 1 (right panel) . There may be additional information in angular correlations between γ and the Higgs decay products; we defer a study of such correlations for future work.
So far, we've considered bounds in the situation where a single dimension-6 operator is assumed to be dominant. More generally, each observable constrains a particular linear combinations of operators, leaving a subspace in the operator coefficient space unconstrained. For example, if described by effective field theory, the new physics in Zh has about 10 degrees of freedom [18] but only one observable. So we need more observables to reduce, even eliminate such degeneracies. γh could be one of such observables. From Eq. 8 we can see that the cross section of γh has only two degrees of freedom, f HW − f HB and f BB , while the latter one has been constrained strictly by the current data. This means if new physics effect is observed througn γh in future, we can almost be certain that it comes from the O HW or O HB . This is the advantage of γh compared to Zh, and is why we claim that γh is quite valuable although it is less sensitive than Zh. The shaded region is where the effective operators are beyond the sensitivity of γh at the integrated luminosity of 10 ab −1 , which could be provided by FCC-ee in about 5 years. The green region corresponds to 1 ab −1 , which could be provided by CEPC in about 2 years [3] . The dashed grey lines are the current 2σ bounds obtained with single-parameter analysis.
We can also implentment two-parameter analysis on the 95% CL bounds of γh, as shown in Figure 3 . From this figure it is clear that γh can be helpful to measure or give bounds to the Wilson coefficients f HW −f HB specially. If there are new physics effects within the sensitivity of γh, it is hopeful that we can see them at the first few years of the run of CEPC or FCC-ee. Otherwise we could give limits on f HW −f HB , and these limits can be applied to Zh or other processes to extract more information about new physics effects.
We close this section with a comment of a technical nature. Numerical SM predictions of cross sections such as σ(γh) depend on the values of the electroweak gauge couplings and the Higgs vacuum expectation value, which are inferred from the three most precisely measured electroweak observables, currently M Z , α, and G F (from muon lifetime). New physics can contribute to these observables, producing a shift between the inferred and the true values of these parameters. In general, such shifts contribute to the deviation of cross sections from their SM values. For example, in the case of σ(hZ), the contribution of such coupling shifts is of the same order as the direct contribution of the dim.-6 operators, and both need to be taken into account for consistency [18] . However, in the case of σ(γh), where the leading SM amplitude is one-loop, the correction of the scattering amplitude due to the coupling shifts is of order 1 16π 2 s Λ , whereas the direct contribution of dim.-6 operators is of order s Λ 2 . The additional loop factor in the coupling shift correction renders it negligible, and we do not include this effect in our analysis.
Conclusion
The Higgs factories, normally known as CPEC, FCCee and ILC, are designed to study the Higgs couplings with other particles precisely, by producing a large number of Higgs bosons mainly through the Higgsstrahlung process, e + e − → Zh. The Higgsstrahlung is commonly believed to be one of the most precise processes for measuring the Higgs couplings, and it can be very sensitive to new physics effects. However, if described by effective field theory, the Higgsstrahlung has too many new physics degrees of freedom, and not enough observables. This may cause degeneracies and "blind spots" where new physics effects escape from the reach of the detectors. In this paper, we propose a new idea, the e + e − → γh channel as a supplement of the Higgsstrahlung to detect the new physics effects. The advantage of γh is that it has only two degrees of freedom and also a good sensitivity, compared to the current data. With the help of γh, we can extract the information on f HW − f HB and this will help us know the features of new physics better. In our future work, we will also study the Higgs decay processes h → γγ and h → Zγ. These two decay modes have the same degrees of freedom as γh and are believed to be sensitive to BSM effects too. The h → γγ decay has been studied in [1, 3] but h → Zγ has not. These two channels may be valuable in reducing the degenereacies of Wilson coefficients, playing as a cross check of the Zh and γh results, and is worth a exhaustive analysis. 
